We demonstrate experimentally the broadband and adiabatic light transfer in coupled waveguides based on multiple stimulated Raman adiabatic passage. Our experimental platform utilizes planar-type reconfigurable optically induced waveguide arrays and allows for efficient and robust transfer of light from an input waveguide over multiple states (up to nine) to an output waveguide. The same waveguide structures are tested for two propagation wavelengths separated by more than 200 nm, proving the achromaticity of the transfer process.
I. INTRODUCTION
The propagation of light in a series of evanescently coupled optical waveguides has led to many interesting applications in integrated optics [1] [2] [3] [4] . As reviewed recently [5] , such systems bear utmost fundamental interest due to their important analogies with quantum physics [6] . Among others, several studies have been carried out on optical analogs of Rabi oscillations [7] , Landau-Zener tunneling [8] [9] [10] [11] , and, importantly, stimulated Raman adiabatic passage (STIRAP) [12] [13] [14] [15] .
The conventional STIRAP process in an atomic system involves the transfer of the atomic population from an initial (ground) state, through an intermediate (upper) state, to a final state, where the intermediate state remains entirely unpopulated. This concept can be generalized to a multiple STIRAP process with N number of intermediate states [16] [17] [18] [19] [20] [21] . Interestingly, the phenomenon of STIRAP in atomic physics finds a complete mathematical analogy in optics when exploring the propagation-dependent wave coupling in adjacent optical waveguides. This analogy has led to many novel concepts for integrated optics [4, 5, 15, [22] [23] [24] [25] , which can potentially profit from the fact that the involved adiabatic light transfer provides wideband operation and is insensitive to the exact evolution of coupling coefficients between the waveguides. Adiabatic light transfer has been experimentally demonstrated for a system of three states (one intermediate waveguide) [14, 15] and up to five intermediate waveguides [23] using fixed waveguide structures. Even though polychromaticity has been tested for beam splitting applications [4, 25] , regrettably, all current experiments to test the adiabatic STIRAP-like transfer have only used a single wavelength. Therefore, the biggest advantage, the broadband behavior of the transfer, remains without experimental verification. The test of the adiabaticity of the light transfer process is particularly important in the case of multiple STIRAP when the maximum number of dressed states can be different for the different spectral components. Therefore, it is of great importance to understand the effect of polychromaticity on the process of multiple STIRAP in optical systems.
* charles.ciret@supelec.fr
In this work, we study experimentally the adiabatic and achromatic light transfer between multiple intermediate states in an array of coupled optical waveguides. To test the conditions of adiabaticity for different wavelengths, we develop a new experimental platform that allows for complete flexibility and dynamic reconfiguration of the optical waveguide structure.
Our optical approach is analogous to the generalized multiple STIRAP from quantum physics and hence exhibits high efficiency and robustness. Indeed, we demonstrate adiabatic light transfer over up to 11 waveguides (9 intermediate waveguides) for light propagation in the near infrared. The light transfer process is shown to be highly achromatic, as verified by probing the same structures at wavelengths of 633 and 850 nm. As will be discussed and verified, this is true provided that the number of intermediate states does not exceed the limit for which, depending on the light wavelength, the evolution loses adiabaticity. The experimental findings are shown to be in good agreement with theoretical expectations based on STIRAP theory.
Our experimental platform is based on the optical induction technique in a photorefractive crystal [26] , but it employs a side-on illumination technique. This allows us to induce one-dimensional waveguides with arbitrary curvature and geometry in the propagation direction. This is in sharp contrast to the well-known head-on optical induction technique that only allows the formation of stationary [26] or periodically modulated lattices [27, 28] . Indeed, the lateral illumination technique has been successfully used for induction of single waveguides [29, 30] or sharp lattice boundaries [31] . Here, we used this optical induction to create adiabatically varying coupling between multiple coupled waveguides and to demonstrate adiabatic light transfer at two vastly different wavelengths separated by more than 200 nm.
II. THEORETICAL BACKGROUND
The optical system under investigation is shown in Fig. 1 and consists of a planar array of closely spaced waveguides. Initially, light is injected into the optical input waveguide I, which is weakly bent to produce a coupling constant toward the neighboring array. In this way, the coupling constant depends on the longitudinal coordinate z. The array is composed of N identical straight waveguides. The output waveguide O is coupled to the last waveguide of the array and is also weakly bent. In paraxial approximation, the propagation of a monochromatic light beam in this kind of structure can be analyzed in the framework of the couple mode theory (CMT), which treats the problem in a discrete way by involving the evanescent coupling between nearest neighbors.
The corresponding evolution of the wave amplitudes can be described by a set of N + 2 coupled differential equations (in matrix form) [12, 14] :
where
T is the amplitude of modes in the individual waveguides and
contains the coupling constants. All the diagonal elements are zero, because we consider waveguides with the same propagation constant (effective refractive index) and the bending of the waveguides I and O is moderate. The geometry of the structure ensures a z dependence of the coupling constants C P (z) (between the input waveguide I and waveguide 1) and C S (z) (between waveguide N and the output waveguide O). Moreover, due to their spatial evolution [represented in Figs. 1(b) and 1(d)], C P (z) and C S (z) are equivalent to the pump and Stokes pulses used in the STIRAP process in quantum physics [18, 20, 32] . In our case, the array of N intermediate waveguides is chosen to be uniform, which leads to
If we map the longitudinal z dependence into time dependence, Eq. (2) is then identical to the time-dependent Schrödinger equation for a chain linkage pattern that generalizes the three state lambda system [18] . The coupling constants are dependent on the physical parameters of the waveguide array and especially on the waveguide spacing. For our specific cases, the relation between the waveguide design and the shape of the z-dependent coupling constants in Fig. 1 has been established using the Floquet-Bloch waves formalism [1] . As explained in Sec. III, the peak values of the coupling constant (the smallest distance between the waveguides) and of the coupling constants for other specific waveguide distances have been verified experimentally by studying the discrete diffraction pattern [3, 33] .
For an odd number N of waveguides in the array, the matrix H(z) has one eigenvalue that is equal to zero. The eigenvector corresponding to the zero eigenvalue is the so-called dark state or adiabatic transfer state [18] [19] [20] . The adiabatic transfer state a(z) is given by
with (4) where N is a normalization factor, A I ≡ A 0 , and A O ≡ A N+1 . In this case, if a(0) is initially excited, then the light will remain within the dark state a(z) throughout the adiabatic evolution [19, 20] . We can deduce from Eq. (4) the amplitude ratio between the output waveguide O and the input waveguide I:
as well as
If the propagating constants are ordered counterintuitively, C S (z) before C P (z) [ Fig. 1(b) ], C P largely exceeds C S at the end of the structure and Eq. (5) shows that no light remains in waveguide I. Hence, under such conditions in the adiabatic regime the light will be transferred adiabatically from waveguide I to waveguide O and almost no light will illuminate the remaining waveguides.
The condition for adiabatic evolution in the STIRAP process is given by [18] 
where λ k are the eigenvalues of H(z) associated to different adiabatic states and a (k) are the corresponding z-dependent eigenvectors, while Z is the spatial overlap of C P (z) and C S (z). The derivativeȧ (q) of the qth eigenvector is with respect to the longitudinal spatial coordinate. In the case of an adiabatic transfer state, we have to compare λ p = 0 with the next closest eigenvalue.
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at the output of the structure represented in Fig. 1(a) as a function of the number of waveguides in the array for two different wavelengths (633 and 850 nm).
Due to the shape of the coupling constants [ Fig. 1(b) ], the latter verify C 0 C P ,C S for most of the propagation, then the two smallest nonzero eigenvalues are approximately given by [18] 
where n is related to the number N of waveguides in the array by N = 2n − 1 and C Pmax , C Smax are the maximal values of C P , C S . Equation (7) predicts that |λ ± | decrease as the number of intermediate states increases, i.e., for a larger number of waveguides in the array. Therefore, if N is increased the smallest nonzero eigenvalue gets closer to zero and the adiabatic condition given by Eq. (6) breaks down. In this way, we can define an adiabatic criterion by
which must be fulfilled in order to have pure adiabatic transfer. Therefore, adiabatic transfer may be expected only up to a finite number N of intermediate waveguides. Beyond this number (N max ), the transfer loses adiabaticity. Due to the wavelength dependence of the coupling constants, the number N max depends also on the propagation wavelength. This limiting number is expected to be smaller for shorter wavelengths due to a weaker evanescent coupling (more tightly confined modes). Therefore, if N is not too large, the transfer is expected to be achromatic for a large range of wavelengths. The above argumentations are illustrated in Figs. 2 and 3 , which present calculations under the realistic conditions of our experiments (C Pmax = C Smax = C 0 =1.1 mm −1 at 633 nm, C Pmax = C Smax = C 0 =1.5 mm −1 at 850 nm; see Sec. III). sharply, while the transfer efficiency remains close to 1 for the 850-nm light. For N = 9, the efficiency drops also for 850 nm. The corresponding calculated light evolution in the different waveguides is shown in Fig. 3(a) for N = 5 at 633 nm and in Fig. 3(b) at 850 nm. One can see that the intermediate states contain almost no light for the odd waveguides, whereas the intensity in the even waveguides increases until half-propagation length and then goes back to zero at the end of the propagation. Figures 3(a) and 3(b) show essentially the same behavior at the wavelengths of 633 and 850 nm, meaning that the optical component is expected to be free from chromatic dependence (achromatic) in the case N = 5.
Note that, if the coupling constants are arranged in an intuitive [Figs. 1(c) and 1(d)] rather than counterintuitive order, according to theory [18] [19] [20] the STIRAP transfer does not occur and the light evolution is more complex, as depicted in Fig. 3(c) . It may also be remarked that, if the total number of waveguides is even rather than odd, the matrix H(z) has no zero eigenvalue, and thus a dark adiabatic transfer state does not exist.
III. EXPERIMENTS
Experimental verification of the theory for the multiple STIRAP transfer is performed by optically inducing waveguide structures of Figs. 1(a) and 1(c) in a dynamic and reconfigurable way by using a lateral illumination technique [29, 30] . The simplified setup of our experiments is shown in Fig. 4 . This technique has successfully been used for photoinducing waveguides confined in one or two dimensions, but other photonic structures can be easily realized by changing the intensity pattern on a control light beam.
In our experiments, the image of the desired optical structure is sent to a liquid-crystal spatial light modulator (SLM) working in reflection. The local reorientation of the nematic liquid-crystal molecules rotates the polarization of the 532-nm control illumination according to the picture displayed on the SLM. This polarization pattern is converted into an intensity pattern by means of the polarizing beam splitter and sent toward the sample where the waveguide structure is being photoinduced. The imaging between the SLM and the sample is realized by two crossed cylindrical lenses. the crystal and takes place in our case under a bias electric field E 0 applied parallel to the c axis [ Fig. 4(b) ].
The formation of a space-charge electric field in response to a localized illumination of a photorefractive material is a complex process that can be successfully modeled for most materials by the Kukhtarev-Vinetskii theory [34] . In our SBN sample, we can safely neglect the charge transport due to the bulk photogalvanic effect. Furthermore, for waveguide widths exceeding 2-3 μm, the contribution of carrier diffusion to the charge transport is negligible with respect to the contribution of carrier drift in the applied electric field. In this regime, the equations describing the resulting spatial distribution of the electric field can be exactly solved (for details, see Ref. [35] ), and one obtains the simple expression
Here, I (y,z) is the intensity distribution of the control wave coming from the SLM and falling onto the crystal surface. The quantity I D is the so-called "dark intensity," which is associated to the spatially homogeneous component of the conductivity of the crystal. In our specific case, the dark intensity has two contributions. The first is due to the crystal dark thermal conductivity; the second is associated to the homogeneous photoconductivity due to an additional background illumination, which is provided by a halogen white lamp. The use of this background illumination permits a better definition of the waveguide borders [29] , as well as the ability to erase faster the old structure before recording a new one. The electric-field distribution of Eq. (9) translates into a change of the refractive index by the linear electro-optic effect, n(y,z) = −(n 3 /2)r 333 E y (y,z), where n is the unperturbed refractive index and r 333 is the electro-optic coefficient active in our experimental configuration. Finally, the refractive index contrast between the zone illuminated by the control wave and the surroundings is δn = n(I (y,z) = 0) − n(I (y,z) = 0), that is,
where n 0 ≡ (n 3 /2)r 333 E 0 . The above expression shows that in the zones illuminated by the control wave I (y,z) one obtains a local positive index contrast permitting one to guide a probe wave. The obtained photoinduced waveguides are of the planar type and are confined in the direction of the crystal c axis. Easy reconfiguration of the waveguide structure, in particular the number of the waveguides, is achieved by modifying the pattern on the SLM. In our experiments, the photoinduced structures are probed by a low-power beam, which can be selected at two different wavelengths (633 and 850 nm), allowing one to verify the achromaticity and robustness of the multiple STIRAP transfer. Finally, the probe beam output intensity distribution is observed by imaging the exit face of the crystal on a CCD camera, as seen in Fig. 4(a) .
In our experiments, the waveguide width is 7.2 μm, and the period of the array is 9.6 μm. The applied electric field is E 0 = 3 kV/cm, leading to a refractive index contrast of n ≈ 10 −4 . The region of overlap between the spatial pulses of coupling constants C P (z) and C S (z), as defined within STIRAP theory, extends over Z ≈ 8 mm. As discussed in [36, 37] , we consider an extension to the coupled mode theory for the moderate coupling regime by introducing effective coupling coefficients between the different waveguides in the coupled mode equations. The effective coupling constants have been estimated experimentally by analyzing the extent of the discrete diffraction pattern [3, 33] obtained in a waveguide array composed of 150 waveguides with the same width, period, and n as the one used for the multiple STIRAP experiments. The high number of excited waveguides after the 23-mm-long propagation permits one to obtain a good estimation of the effective coupling coefficients. For the maximum values (the nearest distance between the waveguides), we obtain C 0 (633 nm) = 1.1 ± 0.1 mm −1 and C 0 (850 nm) = 1.5 ± 0.1 mm −1 ; these values normalize the curves of Figs. 1(b) and 1(d) and correspond also to the maximum values of C P (z) and C S (z).
We have first verified experimentally that in the case in which the total number of waveguides is even we cannot obtain an optimum light transfer toward the output waveguide. This result is in full agreement with the theoretical expectations, because no dark state exists in this case. Next, we test experimentally the more important case of an odd total number of waveguides; the results are summarized in One may first compare the results of Fig. 5 (a) in counterintuitive order of the coupling constants with Fig. 5(h) , which is obtained under the same conditions (850 nm) but for an intuitive order. As expected [see Fig. 3(c) ], in the latter case the output light distribution is more complex and distributed strongly over several waveguides, and the transfer toward the final state (waveguide O) does not occur. This proves experimentally that the counterintuitive order is necessary for an efficient adiabatic light transfer.
When the number N of intermediate waveguides is increased, the efficiency transfer ratio is expected to drop, starting from a certain value of N , due to a loss of the adiabatic condition. The drop occurs for larger N at longer wavelengths because the coupling constants are larger than at shorter wavelengths. In our case, the transfer is adiabatic Note that, experimentally, the maximum number of intermediate waveguides and the spectral range of achromaticity might be increased further by using longer samples. This would allow one to increase the length Z of the region of spatial overlap between the function C P (z) and C S (z) and thus the ratio between the coupling constants C P and C S and the reciprocal length 1/Z, which must be large enough to fulfill the adiabatic condition of Eq. (6).
IV. CONCLUSION
We have investigated theoretically and experimentally the adiabatic light transfer process taking place over multiple intermediate waveguides in a planar waveguide arrangement, which represents a direct analogy with the multiple STIRAP process. In our experiments, we have used photoinduced waveguides recorded in photorefractive materials that permit easy reconfiguration of the structures and a variation of the number of waveguides. This approach is highly versatile and permits study in numerous configurations. It was predicted and confirmed experimentally that the transfer in a given structure is highly achromatic provided that the adiabatic condition is well fulfilled for all the considered probe wavelengths. With increasing number of intermediate states, the adiabatic condition is more difficult to satisfy, especially for the blue side of the spectrum, for which the waveguide modes are more tightly confined and the coupling constants are smaller.
In our specific case, we have shown that the light of wavelength 850 nm can be successfully transferred to the output waveguide over nine intermediate waveguides, which requires a counterintuitive order for the coupling constants. Up to the case of five intermediate waveguides, the transfer is found to be equally efficient for wavelengths of 633 and 850 nm. The demonstrated broadband adiabatic light transfer opens new possibilities for applications in ultrafast telecommunication devices, where the bandwidth is of particular importance.
